ABSTRACT A study was conducted to investigate Fe requirements of broiler breeders. One-hundred-fifty-six Cobb 500 broiler breeder hens were individually placed in electrostatically painted cages at 22 weeks. The study was composed of an adaptation phase, in which hens were fed corn-soy-wheat bran diets until 35 wks. An Fe deficient mash diet (24.6 ppm Fe) was provided from 35 to 46 wk in order to induce a partial body Fe depletion. A production phase followed from 47 to 70 wk when hens were fed 6 diets with increasing Fe sulfate supplementation, which, upon analyses had 24.6, 48.6, 74.3, 99.6, 125.6, and 148.2 ppm Fe. Thirty hatching eggs from each treatment were randomly collected in the last wk of each production period and incubated. Hemoglobin and hematocrit were analyzed from 6 hens as well as all hatched chicks per treatment. Analyses of production and hatching data were conducted using quadratic polynomial (QP), broken-line (BL), and exponential asymptotic (EA) models. Effects of dietary Fe were observed for total eggs and total hatching eggs, egg yolk Fe content, and hen and chick hematocrit and hemoglobin (P < 0.05). These responses to added Fe were optimized when dietary Fe were 96.8, 97.1, 130.6, 122.6, 120.0, and 125.0 ppm (QP) and 76.4, 89.3, 135.0, 128.4, 133.8, and 95.0 ppm (BL) for total hatching eggs, egg yolk Fe content, and hen and chick hematocrit and hemoglobin, respectively. Optimization with the EA model was obtained for total hatching eggs, egg yolk Fe, and hen and chick hemoglobin at 97.9, 111.0, 77.9, and 96.3 ppm Fe for total hatching eggs, egg yolk Fe, and hen and chick hemoglobin, respectively. Adequate Fe levels are needed to maintain egg production as well as hatching chicks' indexes. Fe concentration in the yolk and diet are positively influenced. The average of all Fe requirement estimates obtained in the present study was 106 ppm total Fe, whereas averaged values for BL, QP, and EA models were 107, 113, and 97 ppm Fe, respectively.
INTRODUCTION
Iron (Fe) is an essential trace mineral for all living organisms, and it is required for several metabolic processes, including oxygen and electron transport as well as DNA synthesis (Bothwell et al., 1979) . This element is widely spread in nature and is present in all ingredients used in commercial poultry diets (NRC, 1994) . Absorption and transport of dietary Fe across the intestinal mucosa occurs either from inorganic or heme Fe in processes that are highly dependent on Fe status (Conrad et al., 2000) .
The concentration of Fe in poultry diets and its availability varies with its source and concentration (for ex-C 2017 Poultry Science Association Inc. Received March 30, 2017 . Accepted June 15, 2017 Corresponding author: slvieira@ufrgs.br ample, plant-based ingredients, animal byproducts, or mineral supplements). Contents of Fe in plants vary with the composition of soil, climate, and crop systems (Gupta et al., 2008) . Additionally, Fe is mostly bound to phytate in cereals and oilseeds (Yu et al., 2000) , which reduce its availability for poultry when diets are not supplemented with phytase (Gibson et al., 2010) . In animals, however, it is mainly present as part of hemoglobin (60 to 70%), myoglobin, cytochromes, and other Fe containing enzymes (10%) as well as ferritin and hemosiderin (20 to 30%) (Theil, 2004) . Heme Fe has a preferred absorption pathway over inorganic Fe, and, therefore, animal byproducts that contain muscle tissue and blood have higher availability of Fe for poultry (Grotto, 2008) .
Mineral supplements, such as limestone and phosphates, contain Fe in the ferrous and ferric forms (Abbaspour et al., 2014) . Ferrous oxide is not considered a source of Fe capable of supplying requirements of 3920 animals. According to the review of Henry and Miller (1995) , the relative bioavailability of Fe oxide compared to Fe sulfate monohydrate (set at 100%) for poultry is 10%, whereas the NRC (1998) reported a bioavailability of zero for swine. The relative bioavailability of Fe from important mineral sources, such as limestone and natural phosphates, has not been well researched.
As with all other microminerals, Fe is supplemented for broilers via a diet premix, usually as salts and mainly as ferrous sulfate. Absorption of both ferric and ferrous Fe has been demonstrated in humans with them following different pathways, without a clear indication of dominance between ferrous and ferric Fe forms (Conrad et al., 2000) . Their absorption is expected to follow similar mechanisms in broiler chickens; however, studies demonstrating this correspondence have not yet been conducted.
Limited research has been conducted on Fe supplementation for poultry, especially for broiler breeders. The existing nutrient requirements, recommendations, and guideline tables have variable recommendations for Fe as a dietary supplement. Depending on bird age and responses measured, dietary recommendations for Fe supplementation vary from 20 to 100 ppm with no Fe source specified and limited information regarding availability differences for Fe between sources (NRC, 1994; Sheppard and Dierenfeld, 2002; FEDNA, 2008; Rostagno et al., 2011; Cobb-Vantress, 2013; Abbasi et al., 2015) .
Genetic selection has significantly increased breeder egg production and early broiler chick growth; however, the impact of this on Fe requirements is not known. On the other hand, the contents of Fe in the yolk, hatchability of fertile eggs, and hematocrit (Ht) and hemoglobin (Hb) of hens and chicks have been shown to be influenced by dietary Fe concentration (Morck and Austic, 1981; Bertechini et al., 2000) . Increased egg production of broiler breeders and high early growth rate of hatching chicks may have led to increased needs of dietary Fe, especially because breeders are managed with restricted feeding.
To the authors' knowledge, long-term research on Fe requirements for broiler breeder hens, including hatchling chick Fe status, has not yet been published. Therefore, the present study was conducted to evaluate hen egg production, yolk Fe concentration, as well as Fe blood status of breeders and hatchlings as influenced by breeder hens fed diets with increasing levels of dietary Fe.
MATERIAL AND METHODS
All procedures utilized in the present study were approved by the Ethics and Research Committee of the Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil.
Birds and Management
One-hundred-fifty-six Cobb 500 slow-feathering broiler breeder hens and 30 Cobb broiler breeder males were obtained from a commercial breeder farm (BRF, Arroio do Meio, RS, Brazil) at 22 wk of age. Hens were weighed at arrival and placed in individual wire cages (0.33 m length × 0.46 m deep × 0.40 m height) until the end of the experiment at 70 weeks. The experimental cages used in this study were electrostatically painted and had individual plastic feeders. Water was provided ad libitum using stainless steel nipples. These 2 previously mentioned measures eliminated any contamination of Fe from sources other than the feed. Light and feed restriction programs used during the study followed Cobb-Vantress (2013) recommendations.
Broiler breeder males (n = 30) were kept separated from the females in 4 collective floor pens (2.0 × 1.5 m; 10 males per pen) for semen collection. Semen was collected starting at 28 wk, then pooled and diluted in a 3:1 ratio of physiological solution and semen, immediately before insemination. Hens were inseminated weekly using 0.1 mL of the diluted semen directly into the oviduct using a one-mL syringe.
Experimental Diets
All ingredients utilized during the study were from the same batch and remained under appropriate storage conditions until experimental diets were mixed. Analyses of Fe in ingredients and feeds were done using inductively coupled plasma (Spectro Flamme, Spectro Analytical Instruments, Kleve, Germany) following the method of Anderson (1999) prior to feed formulation. Analysis of Fe in drinking water was done using atomic absorption (ZEEnit 650 P, Analytic Jena, Jena, Germany).
The study was composed of 2 pre-experimental (adaptation and depletion) and one experimental phase. In the adaptation phase, from 22 until 35 wk, hens were fed corn-soy-wheat bran diets that met all nutritional recommendations (Cobb-Vantress, 2013) . Since Fe can be stored in the chicken, a depletion period was used prior to the experimental period to ensure responses to graded Fe supplementation in the experimental phase. Thus, a Fe deficient mash diet was formulated with Fe deficient ingredients (corn, polished and broken rice, and soybean protein concentrate). Formulated Fe in the Fe basal diet was 27.3 ppm (Table 1 ). In the depletion phase, breeder hens were fed the depletion diet from 35 to 46 wk and during this phase, Ht and Hb were analyzed in 20 random hens per treatment every 4 wk (Figure 1 ). The total length of the depletion phase was based on a previous study (Bess et al., 2012) .
Hens were randomly distributed into cages preassigned to 6 dietary treatments. The experimental unit was the individually caged hen. Dietary treatments had increasing supplementation of laboratory grade ferrous 2 Mineral and vitamin premix supplied the following per kg of diet: Zn, 100 mg; Mn, 100 mg, Cu, 10 mg; Se, 0.3 mg and I, 1.0 mg (Zn, Mn and Cu from sulfate, whereas Se was from sodium selenite and I from calcium iodate, all lab grade); vitamin A, 12,000 IU; vitamin D 3 , 3,000 IU; vitamin E, 100 IU; vitamin C, 50 mg; vitamin K 3 , 6 mg; vitamin B12, 35 μg; thiamine, 3 mg; riboflavin, 15 mg; vitamin B6, 6 mg; niacin, 40 mg; pantothenic acid, 25 mg; folic acid, 4.0 mg; biotin, 0.3 mg; BHT, 100 mg.
3 Supplemental Fe from Fe sulfate was added at the expense of the mineral mix diluent; analyzed Fe in the basal diet was 24.6, whereas the increasing Fe diets had analyzed Fe as: 48.6, 74.3, 99.6, 125.6, and 148 .2 ppm. sulfate (20% Fe) added to a basal diet at the levels of zero, 25, 50, 75, 100, and 125 ppm of Fe at the expense of the mineral premix diluent. Each treatment had 26 replicates of one individual hen. Iron was analyzed in 6 random hens per treatment throughout the study. No hen was bled more than once. Analyzed Fe in the basal diet averaged 24.6 ± 2.3 ppm, whereas values of the 5 supplemented treatments were 48.6 ± 1.3, 74.3 ± 3.4, 99.6 ± 3.3, 125.6 ± 2.1, and 148.2 ± 4.3 ppm. Males were fed a corn-soy-wheat bran mash diet that met all nutritional recommendations (CobbVantress, 2013 ) throughout the study. Measurements were done by periods defined as 47 to 50, 51 to 54, 55 to 58, 59 to 62, 63 to 66, and 67 to 70 wk of age. Thus, the experiment was a 6 × 6 factorial comprising 6 Fe supplementation levels and 6 periods.
Data Collection
Eggs were collected daily (4 times per d) and classified as hatchable or not (i.e., broken, cracked, and deformed). Additionally, all hatchable eggs produced in the last 3 d of each period were separated for weighing and for specific gravity evaluation. All hatchable eggs produced on the last d of each period were used to determine eggshell color as well as yolk, albumen, and eggshell individual weights and heights. Heights of egg parts were obtained by placing a digital pachymeter (IP65, Mitutoyo, Kawasaky, Japan) on a plane glass surface, whereas color measurements (lightness -L * , redness -a * and yellowness -b * ) were determined at the surface of the egg yolk using a chromometer (CR-400, Konica Minolta, Ramsey, New Jersey) (Wei and Bitgood, 1990) . In addition, yolks were separated and lyophilized, and Fe was analyzed using inductively coupled plasma as previously stated.
Hatching and Blood Measurements
Hatchable eggs from the last wk of each period were pooled by dietary treatment. Thirty eggs from each treatment were labeled and randomly placed in incubator trays such that eggs from each treatment were represented equally per incubator level. A single-stage incubator (Avicomave, Iracemápolis, SP, Brazil) was used and set at 37.5
• C and 65% relative humidity through 18 d when eggs were transferred to a hatcher set at 36.5
• C and 80% relative humidity.
Hen Hb and Ht were assessed throughout the study using 6 random individual hens per treatment per period. One hen within a treatment was bled only once during the experiment. Hatching chick blood evaluation was similarly done using all chicks hatched in each period. Hen blood samples (0.5 mL) were collected from the brachial vein into tubes containing EDTA, whereas chick blood samples were obtained from the jugular vein. Hemoglobin concentration was determined using the cyanmethemoglobin method (Crosby et al., 1954) , and Ht was evaluated by centrifuging the blood in microcapillaries for 5 min at 15,650 × g.
Statistical Analyses
All data were analyzed for normality and homoscedacity (Shapiro and Wilk, 1965) prior to statistical analysis. Data were submitted to ANOVA using the MIXED or GLM procedures (SAS User's Guide, 2011). Data with period effects were used as main factors using the MIXED procedure with the REPEATED statement included in the statistical model. The main effects of total Fe, period, and their interaction were considered in the model. Means were separated by the Tukey test when a significant effect of Fe or period was found by ANOVA (Tukey, 1991) . Proportion data were converted using the arc sin transformation; values presented in tables, however, are the actual means. Significant differences were accepted at 5%.
Estimation of maximum responses to total dietary Fe was done using quadratic polynomial (QP), brokenline (BL), and exponential asymptotic (EA) regression models (Robbins et al., 1979; Pesti et al., 2009) 
2 ) had Y as the dependent variable as a function of dietary level of Fe; β 1 as the intercept; β 2 as the linear coefficient; and β 3 as the quadratic coefficient. The maximum response for Fe was defined as Fe = -β 2 ÷ (2 × β 3 ). The BL model (Y = β 1 + β 2 × (β 3 -Fe)) had (β 3 -Fe) = 0 for Fe > β 3 with Y being the dependent variable as a function of the dietary level of Fe; β 1 the value of the dependent variable at the plateau; and β 2 as the slope of the line. The Fe level at the break point (β 3 ) was considered the one providing maximum responses. The EA was expressed as
, where Y is the dependent variable; β 0 is the response for the dependent variable estimated for the feed with the lower Fe; β 1 is the difference estimated between the minimum and maximum response obtained by the increasing Fe; β 2 is the slope of the exponential curve; and β 3 is the Fe at the lower level. Maximum response at 95% of the plateau was obtained by ln(0.05) ÷ -β 2 + β 3 .
RESULTS
All breeder hens were fed common commercial cornsoy-wheat bran feeds (14.7% CP, 2,800 kcal AME/kg, 60 ppm supplemental Fe from sulfate) from 23 wk to the end of peak of production at 35 weeks. Then, hens were fed the basal diet without supplementation (formulated at 27.3 ppm Fe, analyzed at 24.6 ± 2.3 ppm) but having the same AME and nutrients as the previously fed diet, through 46 wk (Table 1) . Feeding throughout the study followed Cobb-Vantress (2013) recommendations and hens' feed intake from 47 to 50, 51 to 54, 55 to 58, 59 to 62, 63 to 66, and 67 to 70 wk of age was 150, 146,144, 143, 141, 140 g, respectively, for all treatments. Six supplementation levels of zero, 25, 50, 75, 100, and 125 ppm of Fe from iron sulfate were added to the basal diet resulting in the 6 diet treatments fed from 47 to 70 wk of age. Analyses of Fe of the basal diet were conducted on samples from the 6 batches used throughout the study and averaged 24.6 ± 2.3 ppm, whereas Fe analyses in the dietary treatments were conducted on samples from 3 batches and averaged 48.6 ± 1.3, 74.3 ± 3.4, 99.6 ± 3.3, 125.6 ± 2.1 ppm. Average duplicate analyzed Fe in water were <0.04 ppm and therefore was considered not a significant source of consumed Fe. Hemoglobin and Ht were reduced (P < 0.05; Figure 1 ) in the depletion phase, showing that the basal diet without supplementation was successful in reducing Fe body stores. Results obtained during the experimental phase (wk 47 to 70) are presented in Tables 2  to 6 and Figure 2 . Overall, there were no significant interactions between dietary Fe and period; therefore, results in this paper are presented only as main effects of dietary Fe and period. During the experimental phase, evaluated age period influenced (P < 0.05) almost all studied variables (Tables 2 to 5) with the exception of eggshell L * and b * (P > 0.05). Egg production was affected by period, as the experimental phase started after the peak of production (Table 2 ) and considering the total evaluated production period from 47 to 70 weeks. Egg weight and yolk as a proportion of the whole egg increased (P < 0.05) as hens aged (from 47 to 70 wk), whereas percentage of albumen and eggshell decreased (P < 0.05) ( Table 3) .
Egg quality measurements and eggshell color were not influenced by Fe supplementation (Tables 3 and 4) . Total egg production per hen as well as total hatching eggs increased (P < 0.05) when hens were fed diets with increasing contents of Fe. In parallel, egg yolk Fe content was positively related to dietary Fe concentration (P < 0.05). Measures of Ht and Hb of hens and chicks were affected by period and dietary Fe (P < 0.05; Table 5 ).
Dose response to graded Fe supplementation levels obtained using QP, BL, and EA regression models are shown in Table 6 . The requirement of Fe estimated for Figure 2 . Additionally, both Ht and Hb presented indications of Fe deficiency when hens were fed the basal non-supplemented feed. Iron requirements that maximized the hens' Hb using QP, BL, and EA regression models were 120.0, 133.8, and 77.9 ppm, respectively. Requirements of fed Fe estimated to maximize hatching chicks Hb using QP, BL, and EA models were 125.0, 95.0, and 96.3, respectively, whereas maximum Ht was obtained at 122.6 and 128.4 ppm Fe with QP and BL models, respectively.
DISCUSSION
Iron requirements currently available in the literature are based on statistical analyses and deriving estimations utilizing diverse models. The most common models utilized in this type of estimation are the BL, QP, and EA, which can produce very different requirement or optimum values from the same database. In order to allow comparisons with prior publications a decision was made to present the 3 models in the present report. For some responses, there were no adequate fit for one or more of those models, and, in those cases, they were not included in this section. Iron is stored in large amounts in the body, primarily in reticuloendothelial cells of the liver, spleen, and bone marrow. Dietary demands of Fe can be modulated to increase or to decrease its rate of absorption through different known pathways according to the body's status of Fe (Grotto, 2008) . These processes are associated with receptors on the surface of enterocytes, for instance, a heme carrier protein 1 (HCP1), which is responsible for the intestinal absorption of heme-Fe (Shayeghi et al. 2005) , whereas the divalent metal transporter 1 (DMT1) can take inorganic Fe +2 and release it directly into the cytoplasm (Mackenzie and Garrick, 2005) . Expression of DMT1 is increased when body levels of Fe are low (Leong et al., 2003) . The depletion period utilized in the present experiment lasted 56 d, which resulted in Ht and Hb being significantly reduced vs. values prior to the start of the depletion phase (Figure 1) . By having the hens in an Fe deficient state would allow for significant responses to supplementation of Fe. In the present study, a longer period of depletion was utilized when compared to others presented in the literature (Morck and Austic, 1981; Bess et al., 2012; Abbasi et al., 2015) .
In the current work, no dietary Fe effects on the proportion of egg components, eggshell specific gravity, or eggshell color were seen; however, egg production responded with a significant increase as Fe was added. Eggs per hen housed were maximized at 96.2 and 87.3 ppm (BL and QP models, respectively), whereas hatching eggs were maximized at 96.8, 76.4, and 97.9 ppm (BL, QP, and EA models, respectively) . Effects of Fe supplementation for poultry were studied by Aoyagi and Baker (1995) using BL models for chicks. These authors showed that weight gain, Ht, Hb, and Fe content in serum increased when graded supplemental levels (from zero to 50 ppm of Fe) of Fe from Fe sulfate were added to a deficient diet containing 46 ppm Fe. They showed maximum responses of Ht, Hb, and Fe content in serum occurring between 30 and 40 ppm supplemental Fe (80 to 90 ppm total dietary Fe), which are similar values to those found in the present study.
Iron yolk contents required to maximize yolk Fe in the present study were 97.1, 89.3, and 111.0 ppm, respectively, derived from QP, BL, and EA models. Investigations on the relationship between dietary Fe and its deposition in the yolk reported in the literature are few. Morck and Austic (1981) demonstrated that laying hens produced eggs with reduced Fe in the yolk (68 ppm) after being fed an Fe deficient diet (15 ppm total Fe) for 3 weeks. Abbasi et al. (2015) demonstrated a linear increase in the yolk Fe as 212, 215, 229, and 243 ppm, respectively, when breeder hens were fed Fe from sulfate at 37, 52, 67, and 82 ppm from 62 to 68 weeks. Egg yolk Fe is mainly bound to phosvitin, which is an egg yolk metalloprotein that contains a very large number of phosphate groups and that have the capacity to complex with positively charged metal, such as Fe (Mecham and Olcott, 1949) . Since the yolk constitutes the largest single deposit of the majority of the essential trace minerals in the egg, it is relevant as the main source of Fe transferred to the embryo during incubation. Therefore, increases in yolk Fe observed in the present study indicate the possibility of egg Fe enrichment, which may be relevant to sustain early growth of hatching chicks.
Dietary Fe fed to hens directly impacted their blood Hb and Ht. These are traditional parameters utilized to evaluate Fe status. In humans, Fe in the plasma and serum, ferritin, as well as the concentration of cellsurface transferrin receptor (TfR) and TfR to ferritin ratio (Abbaspour et al., 2014) are other measurements used to complement altered Hb and Ht in anemia. In the present study, a large population of animals was used, and since there were no indications of other Fe related diseases, Ht and Hb were considered adequate measurements of the body's Fe status. A positive correlation between Ht and supplemented Fe was observed by Morck and Austic (1981) using 6 increasing levels of Fe from 10 to 50 ppm, added to a semi-purified diet having 15 ppm of Fe, in laying hens from 29 to 36 weeks. The QP and BL adjustments observed in the present study occurred with maximum hen responses of Ht at 130 and 135 and of Hb at 133.8 and 77.9 ppm dietary Fe. On the other hand, the increased Ht and Hb in hatching chicks as diet Fe fed to hens increased is expected to provide benefits when placing chicks under environmental conditions at sub-optimal oxygen concentrations, such as in high altitude areas or in broiler houses without adequate air renewal. Dietary Fe maximizing chick Ht was 122.6 and 128.4 from QP and BL models, respectively. Maximization of Hb was seen at 125.0, 95.0, and 96.3 ppm Fe from QP, BL, and EA models, respectively.
Iron is usually not regarded as a limiting nutrient for poultry since it is widely spread in nature, having reasonable concentrations in most feed ingredients, including some with very high levels, such as limestone (NRC, 1994) . In practical terms, this has been thought to prevent Fe deficiency, even though its bioavailability from limestone remains largely unknown for poultry. Providing adequate nutrient concentrations for animals is essential to assure economic egg laying rate and also to warrant proper growth performance of hatching chicks. This is more relevant with broiler breeders, since they are restrictively fed. On the other hand, given the high concentrations of many micro minerals, especially metals, in commercial feeds, concerns exist on their contaminant impact in the environment when unnecessary supplementation is present in the diets. Regulations towards maximum mineral levels in feeds have been under implementation. The Panel on Additives and Products or Substances Used in Animal Feeds from the European Commission concluded that dietary Fe is safe when supplied to a maximum content of 450 ppm for poultry (EFSA, 2016) . This decision was made considering the fact that Fe oxides are ubiquitous in the environment, and, therefore, any additional dietary input from the nutritional use of Fe was considered negligible (EFSA, 2016) .
The models of choice utilized in animal research to provide requirement estimations are based on different regression methods, but they all should meet mathematical and biological significances (Rodehutscord and Pack, 1999) . Comparing models through their R 2 as well as their sum of residual squares is usually chosen to determine nutrient requirements, since they provide the fit that best matches the response of hens within the supplementation levels utilized. In the present study, all models tested were statistically significant (P < 0.05), and the R 2 of QP, BL, and EA regression equations was similar for most responses. To the authors' knowledge, estimations of Fe requirements for broiler breeder hens simultaneously using QP, BL, and EA statistical models and utilizing the same data set when hens were supplemented with a Fe sulfate as the sole Fe source have not been published.
Adequate Fe levels are needed to maintain hen breeder egg production as well as egg yolk Fe content and corresponding hatching chick hematological parameters. This research presents Fe requirements for breeder hens, whereas commercial feeds usually have standard Fe supplementation recommendations. However, in order to adequately supplement Fe in commercial feeds, ingredients should be analyzed prior to feed formulation avoiding unnecessary excesses while providing adequate Fe to sustain competitive commercial production. The need to supplement Fe, therefore, will vary depending on the feed ingredient composition.
Commercial feed formulation requires the choice of one allowance value per nutrient, which usually has a safety margin. In order to make that choice, it is usual to average the values obtained for each response. The average of all requirement estimates obtained in the present study is 106 ppm Fe, whereas averaged values for BL, QP, and EA models are 107, 113, and 97 ppm Fe, respectively. Obviously, one can choose between the requirements obtained for each individual response as specifically needed.
